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Abstract  
Flexible PU foam was synthesized by using recycled PU foam polyol (Infrigreen) which contain 4 functionality obtained from 
glycolysis wasted PU foam, as a polyol. PU foam is prepared by incorporation of recycled PU foam polyol 2, 4, 6, 8 and 10wt% 
in petrochemical polyol (CARADOL.SA34-05) which contain 2 functionality. Triethlylenediamine (TEGOAMIN 33) was used 
as the gelling catalyst. Polyether modified polysiloxane (TPGAOSTAB B8715 LF2) was the surfactant. Distilled water was used 
as a blowing agent to generate foam. Polymeric methylenediphenyl diisocyanate (pMDI) which contain 2.7 isocyanate 
groups/molecule was used for generate urethane linkage and carbon dioxide. The parameters investigated are characteristic time, 
i.e. cream time, gel time, rise time and tack free time, cell structure and cell morphology, tensile properties, compressive 
properties and compression set were compared with petrochemical based PU foam. It was found from the research that, cream 
time, gel time, rise time and tack free time, decrease with the recycled PU foam polyol content. It was also found that the 
incorporation of recycled PU foam polyol led to the increase in smaller cell size and large distribution of cell size. Tensile 
properties and compressive properties of PU foam increase with polyol functionality, including crosslink density and urea 
formation in PU foam. Decreasing of shape recover properties of PU foam obtained at high recycled PU foam polyol contents. 
This was caused by the deformation of hydrogen bonding between hard segments of PU chains. These results indicate that tensile 
properties and compressive properties of PU foam enhance by incorporation of recycled PU foam polyol. 
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1. Introduction 
Polyurethane is polymeric materials that have urethane linkages and can be prepared by addition polymerization 
between isocyanates and polyols [1]. The properties of PU foam depend on chemical of polyol, functionality of 
polyol, crosslink density, foam density, urea content and cell structure. 
Polyol structure and functionality play the important role on the properties of final foam product [1, 2]. The short 
chain polyol with trifunctional alcohols are used to produce more rigid foam while longer chain length polyols with 
trifunctional alcohols are used to generate more flexible foam[2, 3]. Other components such as: water is added as 
blowing agent for foam foaming. Triethlylenediamine and polyether-modified polysiloxane were used for catalyst 
and surfactant are function as promoting nucleation as well as stabilizing the foam formation during foam 
development stage.  
In general, toluene isocyanate (TDI) and methylenediphenyl diisocyanate (MDI) are often use for isocyanate to 
produced urethane linkage from reaction between isocyanate and polyol was showed in Scheme 1. TDI has 
difunctionality are most use for prepare rigid foam and semi-rigid foam. TDI is not suitable to prepare 
polyisocyanurate foam. In general MDI is consisting of methylenediphenyl diisocyanate (MDI) and polymeric 
methylenediphenyl diisocyanate (pMDI). The pMDI is widely used for rigid foam, semi-rigid foam and 
polyisocyanurate foam. The pMDI has average functionality in range 2.3 to 3.0[1, 2, 4, 5] 
Flexible PU foam is widely used for furniture, bedding, cushioning, packaging, transportation, and etc. Therefore 
PU foam produce a lot of waste after using. The major waste manage of the PU are incinerated. Nowadays PU foam 
recycling is an urgent task to produce high quality polyols reducing postconsumer PU. In term of chemical recycling, 
the urethane bonds can be broken down resulting the polyols. In the literature, the recycling processes have been 
described based on hydrolysis and hydroglycolysis [4]or methanolysis which can convert the polyurethane into 
polyol. In the glycolysis processes, the polyurethane chain is degraded by successive transesterification reactions of 
the urethane bond with low molecular weight glycols in the presence of catalyst. The reaction was showed in 
Scheme 2. The glycolysis processes described above show recovered polyols in liquid mixture. The products 
obtained contain active hydroxyl groups that possess high reactivity for PU foam synthesis [5]. 
In this study, flexible PU foams was prepared by using recycled PU foam polyol which contain 4 functionality 
and equivalent weight was 1650.29. Polyether polyols, petrochemical based polyol, was used for the main polyol 
component which contains 3 functionality and equivalent weight 315.23. The pMDI was used as diisocynate which 
contain 2.7 functionality. In this study, chain extender was not used for PU foam formation. The structural, apparent 
density, tensile properties, compression properties, compression set and morphology were investigate. 
 
Scheme 1. Reaction of isocyanate with polyol 
 
Scheme 2. Glycolysis reaction of PU foam 
2. Experimental 
2.1. Materials 
The Polyol and other chemicals used in this study are listed in Table 1. The controlled polyol used is 
petrochemical based polyol which is commercially available (C.SA34-05). It was kindly supplied by PTT Global 
Chemical, Thailand.  
Recycled PU foam polyol was also tried to be used to replace petrochemical based polyol. The commercial one is 
Infrigreen 100. This polyol was also kindly supplied by PTT Global chemical, Thailand.  
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The diisocyanate which was used in this research was polymeric methylene-diphenyl diisocyanate (pMDI). The 
pMDI contain 2.7 functionality. Triethlylenediamine (TEGOAMIN 33) was used as the gelling catalyst. Polyether-
modified polysiloxane was added as surfactant in order to disperse and stabilize water droplet. Distilled water was 
used as blowing agent. 








Polyether polyol(CARADOL SA34-05) Polyol 56 1001.96 570 3 
Recycle PU foam polyol (Infrigreen 100) Polyol 178 315.23 4,100 4 
pMDI Isocyanate - - - 2.7 
Triethylenediamine(TEGOAMIN 33) Gelling catalyst - - - - 
Surfactant (TPGAOSTAB  B 8715 LF2) Surfactant - - - - 
Distilled water Blowing agent - - - - 
2.2. Foam preparation  
The foam formulations are list in Table 2. It is important to note here that the mole ratio of polyol to isocyanate 
was kept to 1. Thailand. The ratio of recycled PU foam polyol and C.SA34-5 was varied and explained in Table 2. 
Total weight of polyol mixture was also kept to 200 grams.  
All ingredients, except pMDI, were then mixed in 1,000 mL PP cup using a mechanical stirrer (IKA® EURO 
STAR200 digital) equipped with a 2.5 inches diameter mixing blade at 2,000 rpm for 5 minutes. After mixing, the 
mixture was kept in a refrigerator at 15oC with dried atmosphere for 24 hours. At the time of foam formation, the 
mixture was left to room temperature. The pre-measured isocyanate was then add to the mixture and mixed with the 
mechanical stirrer and same condition for 8 seconds. The reaction was started in the cup. As soon as the reaction 
started, noticed from the rising cream, the mixture was then transferred to pre-heated, 70oC, PP mold (23.5×17×8 
cm). The foam was allowed to rise and react further for 8 minutes. Then the foam was removed from the mold and 
crushed by hand in order to press the cell to be opened. The cell opening was also carried out to prevent foam 
shrinkage. 
Table 2. Foam formulation  
Chemical  In0 In2 In4 In6 In8 In10 
C.SA34-05 (wt%) 100 98 96 94 92 90 
Infrigreen100 (wt%) 0 2 4 6 8 10 
Total Polyol(mole) 0.020 0.021 0.022 0.024 0.025 0.026 
Gelling catalyst (pphp) 1.5 1.5 1.5 1.5 1.5 1.5 
Surfactant (pphp) 1.5 1.5 1.5 1.5 1.5 1.5 
Distilled water (pphp) 2.0 2.0 2.0 2.0 2.0 2.0 
pMDI (mole) 0.020 0.021 0.022 0.024 0.025 0.026 
2.3. Characterizations  
2.3.1 Characterizations  
Characteristic time of polyurethane foaming reaction was recorded according to ASTM D7487-13.This testing 
standard was used for determination of cream time (reaction initiation time), gel time (high molecular weight 
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polymer has formed equivalent to pull time), rise time and tack free time of polyurethane formation. This 
investigation was conducted using a cup foam test. 
2.3.2 Fourier transform infrared spectroscopy 
The chemical structure of the prepared PU foam was characterized using FTIR (Bruker Optic-VERTEX 70 FM-
Far and Mid IR Spectroscopy) equipped with a single bounce ATR attachment. A total 512 scans were taken on 
each sample over the wavelength range from 4,000 to 400 cm-1. 
2.3.3 Morphology 
The obtained PU Foams were cut into rectangular shape with size of 1cm width × 1cm length. Each sample was 
sputter with gold using sputtering. A Hitachi TM3030 scanning electron microscopy was use to examine the cell 
morphology. The sample was imaged under an accelerating voltages of 10 kV. The cell structure of the foam was 
observed in free-rising direction. An average of 5 image was taken from each foam sample. 
2.3.4 Cell size distribution 
The cell size of foam was measured in rising direction of foam cell. Number of cell size measurement was 
carried out at least 100-150 cells. The average cell size was calculated using Imagej program. 
2.3.5 Foam density 
The density testing were conducted on rectangular shape of foam sample with the dimension of 5.0 cm × 5.0 cm 
× 2.5cm which was cut using hydraulic cutter. The specimen were weighed and calculated for its volume. The 
density of the foam was then determined using the following equation:  
Apparent density = Weight of foam/Volume of foam    (1) 
2.3.6 Tensile properties 
Tensile properties of polyurethane foams were conducted according to ASTM D-3574-11, test E. The test was 
carried out using universal testing machine (Instron Crop, model 5969), with a load cell of 5 kN and crosshead 
speed of 500 mm/min. The modulus of elasticity, ultimate tensile strength and percentage elongation at break were 
obtained.  
2.3.7 Compressive properties 
Compression properties were carried out follow ASTM D-3574-11, test C using universal testing machine 
(Instron Crop, model 5969) with a load cell of 5 kN and crosshead speed of 50 mm/min. Thefoams were compressed 
to 50 % of original thickness. At least ten specimens of each sample were analyzed.  
2.3.8 Compression set 
Dry aged compression set at 50% compression was obtained according to ASTM D3574 Test D. This test was 
carried at 70oC. Compression was uniformly applied in a jig designed to uniformly and precisely compress the foam 
across its entirety. After the 22 hrs. compression, the foams were allowed to recover for 30 min at ambient 
conditions. The recovered height was then measured and the compression set value (Ct) was calculated as 
Ct = (Ho-Hf) × 100 / (Ho)     (2) 
In which Ho is the original height of the sample, Hf is the final height of the sample. 
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3. Results and discussion  
3.1. Characteristic time 
Characteristic time, i.e. cream time, gel time, rise time and tack free time, of polyurethane foam formation using 
a cup test were determined. The cream time is defined as time that mixture need after mixing polyol with isocyanate 
until the reaction started. At this point mixture started to appear as creamy mixture due to the fine bubble started to 
be produced and apparently occurred. Gel time is the time at which long chain polymer has formed and is noticeable 
as tacking characteristic of the mixture. Rise time is the time at which the foam stops expanding. Tack free time is 
the time at which the surface of the foam became settle and free of tackiness. 
Fig.1 shows the decrease of cream time, gel time and rise time with the contents of recycled PU foam polyol. In 
term of cream time, it is dependent up on reactivity between -NCO versus -OH and -NCO versus H2O. Generally, -
NCO could react with H2O faster than -OH due to mobility of -NCO and accessibility of -NCO to H2O. This then 
produce CO2 very fast. With the addition of recycled PU foam polyol which contains functionality of 4 compared to 
petrochemical based polyol which contained functionality of 3. With the increase of more functionality polyol, more 
-NCO was used in order to keep the -NCO/-OH ratio equal to 1. This resulted in high accessibility of -NCO to H2O. 
Therefore slightly shorter he cream time was observed.  
For gelling time which corresponds to gelling reaction between polyol and isocyanate, it also was found slightly 
decreased with recycled PU foam polyol content. As mention previously that recycled PU foam polyol contained 
more functionality than petrochemical based polyol. The high molecular weight network can be formed more than 
petrochemical based polyol. Then gel time is slightly shortened. This result agreed well with Rojek and coworker 
[6]. 
The addition of recycled PU foam polyol also slightly affected rise time of the foam. As explained earlier, the 
high petrochemical based polyol added the high -NCO was required. Hence NCO would react with H2O and gave 
rise to foam rising faster than the other system. It is important to point out here that -NCO will react with OH from 
both polyol and H2O. But at the starting of reaction, NCO will react with OH from H2O faster than that from polyol. 
After foam is risen then NCO will react further with OH from polyol. This stage would result in long PU polymer 
chain. However the accessibility of -NCO to OH from polyol is rather slow due to the long chain polyol. We then 
found long tack free time. However, the incorporation of recycle PU foam polyol which has higher functionality, 
tack free time was prolonged. This is due to the equivalent of -NCO was increased, to keep -NCO/OH ratio to one, 
then the system need longer time to react and access to OH. On the other hand, the increased of recycled PU foam 
polyol led to shortened tack free time. This was also due to the reactivity of tetra-functional polyol which react faster 
[6]. 
 
Figure 1. Effect of recycled PU foam polyol contents on characteristic times 
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3.2. FTIR spectra 
FTIR spectrum of all PU foam is presented in Fig. 2. The peak at wave number 3,345-3,380 cm-1 was 
correspondent to N-H stretching vibration. This confirmed the present of secondary amine groups in PU foam. At 
wave number of 2,972 and 2,871 cm-1 were attributed to C-H stretching vibration of CH2 group in aliphatic chain 
which agreed well with Hideyuki Oka and coworker [7]. The absorption peak at wave number 1,727 cm-1 is 
corresponding to stretching vibration of urethane C=O bond. The characteristic stretching band of C-N appeared at 
1,538 cm-1 was also observed. The stretching vibration at 1,600 cm-1 (d) was belonging to C=O stretching band of 
urea linkage. This urea linkage was formed by the reaction between pMDI and water to generated carbon dioxide. 
The absorption at 1,099 cm-1 (f) was attributed to C-O stretching vibration of ether group in soft segment in PU 
foam[8]. 
 
Figure 2. FTIR spectra of PU foam modified with recycle PU foam polyol 
3.3. Foam morphology, Cell size and Cell size distribution 
Cell structure of PU foams are showed in Fig. 3. The addition of recycled PU foam polyol mainly affected size 
and shape of cellular structure of PU foam. SEM micrograph portrays cell foam morphology in the rising direction. 
It was clearly seen that PU foam is opened cell and all cells are interconnected. The cell size were evaluated and 
found that cell size are decreased with recycled PU foam polyol content, as seen in Fig. 4. The size of foam cell is 
generally related to viscosity of the mixture and expandability of CO2. It can be seen that recycled PU foam polyol 
has very high viscosity compared to petroleum based polyol, shown in Table 1. Hence at high content of recycled 
PU foam CO2 produced was hardly to be expanded. This led to the cell sized decreasing [8, 9]. In addition, the 
incorporation of recycled PU foam polyol, possessed higher functionality than petrochemical polyol, therefore 
gelation occurred faster but CO2 was difficult to be expanded. This also the reason responsible for smaller cell foam 
which is presented in Fig.4 
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Figure3. SEM micrograph of PUF modified with recycled PUF polyol (a) 0 wt% (b) 2 wt% (c) 4 wt% (d) 6 wt% (e) 8 wt% and (g) 10 wt% 
 
 
(a) (b) (c) 
(d) (e) (f) 
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Figure 4. Cell size distribution of PUF modified with recycled PUF polyol (a) 0 wt% (b) 2 wt% (c) 4 wt% (d) 6 wt% (e) 8 wt% and (f) 10 wt% 
3.4. Foam density 
The foam density is very important properties for it applications. The density of the foam is plotted as graph and 
shown in Fig. 5. It was found that the density of the foam decreased, about 13 %, with the content of the recycled 
PU foam polyol. As mentioned earlier that recycled PU foam polyol has high viscosity than that of petrochemical 
based polyol hence the disperse H2O droplet was difficult to coalesce. The small size droplet led to more surface 




Figure 5. Effect of recycle PU foam polyol contents on density of PU foam 
3.5. Mechanical properties 
3.5.1 Tensile properties 
Tensile modulus and tensile strength of PU foam are reported in Fig. 6. Tensile strength and tensile modulus 
were increased with recycled PU foam polyol contents. The PU foam modified with recycled PU foam polyol gave 
superior tensile properties than petrochemical base polyol. The tensile modulus and tensile strength of PU foam 
modified with recycled PU foam polyol, at the content of 10wt%, was increased about 14.89% and 24.28% 
respectively, comparing with PU foam using only petroleum based polyol. This could be caused by the crosslink 
density occurred when recycled PU foam polyol was used as polyol as recycled PU foam polyol contain 
functionality (4 functionality) more than petroleum base polyol (3 functionality). The crosslink density was 
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responsible for tensile properties of PU foam [10]. The PU foam modified with high recycled PU foam polyol 
contents shows fine and smaller cell structure as presented in Fig. 3 and Fig. 4. This fine and small cellular structure 
foam polyol facilitated stress distribution along the specimen under applied stress [12, 13] 
 
Figure 6. Effect of recycle PU foam polyol contents on tensile modulus and tensile strength of PU foam 
The elongation at break of PU foam is presented in Fig7. Substituting petrochemical based polyol with recycled 
PU foam polyol led to increase of elongation at break of PU foam. It could also be noticed that all of foam had the 
elongation at break higher than 100% [14]. The stress-strain curves exhibit stress hardening similar to elastomer (not 
shown here).The result show that the elongation at break of polyurethane foam modified with 10wt% recycled PU 
foam polyol is higher than that of PU foam without recycled PU polyol by 17.07%. The crosslink density of PU 
foam modified with recycled PU foam polyol was understood to be higher and was responsible for the rubber like 
behavior under tension. Hence elongation and tensile strength were improved.  
 
Figure 7. Effect of PU foam polyol contents on elongation at break of PU foam 
3.5.2 Compressive properties 
Compressive properties of foams were evaluated as pressure required to be compressed the foam to 50% of 
original height. The results are presented in Fig.8. Compressive modulus and compressive strength of PU foam 
increased with recycled PU foam polyol content. The compressive modulus and compressive strength of PU foam 
modified with 10%wt recycled PU foam polyol was found to be higher than that of petrochemical based polyol PU 
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foam, i.e. higher by 100% and 91.64% respectively. As mentioned previously recycled PU foam polyol contained 
higher functionality than petrochemical base polyol and this caused higher crosslink density. The hard segments are 
short and difficult to mobile, causing the increased in compressive properties. The higher recycled PU foam polyol 
content the more pMDI needed for the reaction. This resulted in higher crosslink density and more urea formed. The 
higher biuret groups could be also be formed hence higher of hard segments in polyurethane matrix. This high hard 
segment formed was responsible for compressive strength and modulus [13, 15] 
 
Figure 8. Effect of PU foam polyol contents on compressive modulus and compressive strength of PU foam 
3.6. Compression set 
The ability of PU foam to recover after compression force applied at specified condition and time was also 
measured. The specimen, 50 mm width × 50 mm length × 25 mm height, was compressed at 50% of original height 
at 70ºC for 22 hours. The foam specimen was released from compressive stress and allowed to cool to room 
temperature and recover for 30 min. The height of specimen was investigated. It was found that PU foam shows 
high in their compression set, as present in Fig.9. The high in compression set indicated permanent deformation of 
the specimen. At 70ºC the hydrogen bonding, occurring between N-H and O from C=O, between PU molecule, both 
from urethane linkage and urea linkage could be weaken [16]. The plastic deformation could occur upon 
compression loading. This led to unrecoverable deformation hence high in their compression set. The increased in 
recycled PU foam polyol, increased in high in urethane and urea formed. The compression set of foam with high 
recycled PU polyol thus increased. However, the compression set of PU foam modified with recycled PU foam 
polyol is in the range of 6 and is suitable for automotive seating application [16, 17]. 
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Figure 9. Effect of PU foam polyol contents on compression set of PU foam 
4. Conclusions 
The presented results confirm that recycle polyurethane foam polyol can be successfully used to modify of 
flexible PU foam.  
• The characteristic times of PU foam were decreased when recycled PU foam polyol contents were 
increased. It is dependent upon reactivity between –NCO versus –OH and -NCO versus H2O.  
• The higher contents of recycled PU foam polyol caused acceleration of foaming reaction influenced smaller 
cell size and large cell size distribution of polyurethane foam. Then the apparent density was decreased.  
• Tensile and compressive properties of PU foam modified with recycled PU foam polyol increased with 
recycled PU foam polyol content. It was due to the high functionality of the polyol consequently high crosslink 
density and high urea formation in PU foam.  
• Shape recover properties of polyurethane foam decreased with recycled PU foam polyol contents. This was 
caused by the deformation of hydrogen bonding between hard segments in PU foam. 
This research indicated that modification of polyurethane foam with recycled PU foam polyol was able to 
improve mechanical properties which are suitable for automotive seat application. 
Acknowledgements 
The authors would like to thank the department of Materials Science and Engineering, Faculty of Engineering 
and Industrial Technology, Silpakorn University for their instrumentation support. The authors would also like to 
pay the gratitude to PTT Global Chemical Public Company Limited for chemical supports. Throughout this work, 
many researchers and friends have provided help with instrumentation and shared their expertise.  
References 
[1] G.Oertel. Polyurethane Handbook. Munic: Hanser Publishers 1985  
[2] Herrington R, H.K. Flexible polyurethane foam. Mid land: Down Chemical Co. 1997  
[3] Makanjuola. Handbook of Flexible Foam Manufcture. Nigeria: Temm Consulting 1999  
[4] Mills, N.J. Polymer Foams Handbook Engineering and Biomechanics Applications and Design Guide. Butterworth-Heinemann 2007  
[5] Molero, C., A. de Lucas, and J.F. Rodríguez. Recovery of polyols from flexible polyurethane foam by “split-phase” glycolysis with new  
catalysts. Polymer Degradation and Stability 2006. 91: 894-901. 
[6] H. Lim, S.H.K., B. K. Kim. Effect of silicone surfactant in rigid polyurethane foams. Express polymer letters 2008. 2: 194-200. 
[7] Oka, H., et al. Characterization of Local Structures in Flexible Polyurethane Foams by Solid-state NMR and FTIR Spectroscopy. Journal of  
Cellular Plastics 2006. 42: 307-323. 
[8] Lan, Z., et al. Structure–properties relations in flexible polyurethane foams containing a novel bio-based crosslinker. Polymer 2014. 55: 2635- 
2644. 
 Nontawat Kraitape and Chanchai Thongpin /  Energy Procedia  89 ( 2016 )  186 – 197 197
[9] Dimtrios, V. Structure property property relationship of flexible polyurethane foam. Polymer 1996. 38: 2819-1828. 
[10] Rojek, P. and A. Prociak. Effect of different rapeseed-oil-based polyols on mechanical properties of flexible polyurethane foams. Journal of  
Applied Polymer Science 2012. 125: 2936-2945. 
[11] Tu, Y.-C., G.J. Suppes, and F.-H. Hsieh. Thermal and mechanical behavior of flexible polyurethane-molded plastic films and water-blown  
foams with epoxidized soybean oil. Journal of Applied Polymer Science 2009. 111: 1311-1317. 
[12] Saetung, A., et al. Preparation and physico-mechanical, thermal and acoustic properties of flexible polyurethane foams based on  
hydroxytelechelic natural rubber. Journal of Applied Polymer Science 2010. 117: 828-837. 
[13] Septevani, A.A., et al. A systematic study substituting polyether polyol with palm kernel oil based polyester polyol in rigid polyurethane  
foam. Industrial Crops and Products 2015. 66: 16-26. 
[14] O.O Ogunleye, F.A.O.a.E.S. Effects of castor oil on the physical properties of polyether based flexible polyurethane foam. Global Journal of  
Biotechnology & Biochemistry 2 2007. 28-32. 
[15] Gong, L., S. Kyriakides, and W.Y. Jang. Compressive response of open-cell foams. Part I: Morphology and elastic properties. International  
Journal of Solids and Structures 2005. 42: 1355-1379. 
[16] De Mello, D., S.H. Pezzin, and S.C. Amico. The effect of post-consumer PET particles on the performance of flexible polyurethane foams.  
Polymer Testing 2009. 28: 702-708. 
[17] Sonnenschein, M.F., R. Prange, and A.K. Schrock. Mechanism for compression set of TDI polyurethane foams. Polymer 2007. 48: 616-623. 
 
 
 
